SUMMARY We have developed a sensitive, accurate and highly reproducible treadmill exercise score (TES) that grades the ST-segment ("ischemic") response to exercise. Instead of using a single value for peak ST depression, our method integrates all ST-amplitude and slope changes that occur during the test, from onset of exercise to the end of recovery. By reflecting not only the depth of ST depression but the manner and time course by which ST changes develop and resolve, TES incorporates data that correlate with severity of coronary artery disease. Exercise ECGs of 70 patients who also had coronary arteriography were analyzed, as well as exercise records of 46 healthy volunteers. Sensitivity, specificity, predictive accuracy and correct classification rate were 85% (50 of 59), 98% (56 of 57), 98% (50 of 51) and 91% (106 of 116), respectively. Use of TES for qualitative interpretation increased sensitivity 10-15% compared with conventional criteria. TES distinguished the group of patients with three-vessel or left main coronary artery disease from those with twovessel (p < 0.002) or one-vessel disease (p < 0.01). These differed from patients with no vessel disease (p < 0.05). TES also varied linearly when compared with angiographically determined coronary scores (p < 0.001, r = 0.71, SEE = 24.2). Thus, the use of TES greatly improves our ability to diagnose and quantify serially the extent of coronary artery disease and improves the accuracy of statistical statements relating to the probability of disease.
QUALITATIVE CLASSIFICATION of test results,
i.e., as either positive or negative for induced myocardial ischemia, slowly has given way to the realization that the exercise response has quantitative features that reflect the extent and severity of cardiac disease and that yield prognostic information." 2 In the past decade several groups have begun using computer technology in an attempt to improve accuracy and to quantify stress electrocardiography. The computer not only improves signal quality and reduces the large interobserver variation in interpretation,3 but also allows use of different types of ST measurements in a variety of diagnostic algorithms that otherwise would be impossible.4 Several groups5-7 are measuring the degree of depression to improve diagnostic sensitivity and specificity.
Using such microcomputer-assisted signal processing and analysis we have extended the above approaches and have devised a new, quantitative treadmill exercise score that grades the electrocardiographic response to exercise. Based on the continuous recording and calculation of the J-point deviation and ST slope of two simultaneous leads whose signals have been processed by microcomputer,8 the score includes and weights many features of the exercise response that correlate with the extent and severity of disease and incorporates them into a single, highly reproducible index. These features include: 1) depth of J-point depression associated with horizontal or downsloping ST segment;9' 10 2) early onset of ST depression after exercise is begun, the occurrence of such changes at low heart rates and their persistence long after exercise is stopped;9' 10 3) decreased heart rate response to exercise;' and 4) inability to perform exercise at more than low work loads.2 11 The establishment of this quantitative treadmill score allows us to view the electrocardiographic response to exercise as a spectrum from normality to the highest degree of abnormality and thereby to reflect and grade the severity of the myocardial ischemia induced.
Methods

Study Group
The population studied consisted of 70 male patients (ages 24-69 years, mean 53 years) with complaints of chest pain who underwent selective coronary arteriography within 1 month (usually within 1 week) of their treadmill exercise test. They were studied to confirm the diagnosis of coronary heart disease with angina pectoris or to evaluate them for coronary artery bypass surgery. Twenty-seven (39%) had a history of infarction and 18 (26%) showed definitive ECG evidence of previous myocardial infarction. Seventy-three percent experienced typical angina pectoris and 27% had atypical angina pectoris. Twentynine patients (41%) were taking propranolol, 18 of them in doses greater than 80 mg/day. Only three patients were taking digoxin. No patients were in overt cardiac failure at the time of study and only 10 had normalized left ventricular (LV) end-diastolic volumes greater than normal (50-90 ml/m2). For analysis, patients were grouped by the number of major coronary arteries (left anterior descending, left circumflex, or right) that had a stenotic lesion greater than 50% of the luminal diameter. Of the 70 patients, 38 (54%) had three-vessel disease, 11 (16%) had twovessel disease, 10 (14%) had one-vessel disease, and 11 (16%) had no significant disease in any major vessel. Ten patients (14%) had significant left main coronary artery disease. The mean coronary score,12 ejection fraction, LV end-diastolic volume and pressure for those groups of patients with 3, 2, 1, or no coronary arteries involved are shown in table 1. The relatively high mean LV end-diastolic pressure in the group with no significant stenotic lesion suggests that these patients may not be completely normal. Fifteen of the 70 patients had resting J-point depression > 0.3 mm and were included for analysis. Forty-six young, healthy volunteers in their late teens and twenties who were presumed to be free of significant coronary artery disease were exercised. Patients on drugs were included for analysis, whereas those with conduction defects or valvular heart disease were excluded from the study.
Procedures
Graded exercise testing during the fasting state was performed on a treadmill using the standard Bruce protocol.13 All tests were performed under direct supervision of a physician. Silver/silver-chloride electrodes were placed in the infraclavicular areas bilaterally and on or just above both iliac crests. Standard chest leads (V1-V6) were positioned and a mesh surgical body stocking was placed over the chest and upper abdomen to reduce movement of the electrodes, leads, and electrode cable. Careful attention was given to proper electrode fixation. A full, 12-lead ECG was recorded on a three-channel recorder* while the patient was at rest in the supine and then erect positions, after hyperventilating for 30 seconds while erect, and at the termination of the study. During the entire period of exercise and recovery three leads (V1, V5, and aVF) were monitored simultaneously and continuously. Exercise was continued until the patient stopped because of moderately severe chest pain, exhaustion, shortness of breath, leg pain, dizziness, or until the physician terminated the test because of frequent premature ventricular complexes (PVCs,) ventricular tachycardia (three or more consecutive PVCs), hypotension, or 4-mm ST depression.
Selective coronary arteriograms were performed in multiple projections. Significant coronary arterial narrowing was defined as greater than 50% reduction in luminal diameter of one of the three major coronary arteries. The extent and severity of coronary arterial obstruction was also scored by the method of Friesinger et al.,'2 in which each of the three major *Computer Assisted Stress Electrocardiography (CASE) System, Marquette Electronics Co., Inc., Milwaukee, Wisconsin. arteries was given a score of from 0 to 5, the highest total score possible being 15. Left ventriculograms were performed in the 300 right anterior oblique position and ejection fraction, LV end-diastolic pressure and regional wall motion were measured.
Derivation of the Treadmill Exercise Score
The J-point deviation and corresponding STsegment slope in modified V1, V5 and aVF were recorded continuously throughout the entire test from onset of exercise to end of recovery ( fig. 1) , at which time the ECG had returned to the resting, preexercise state. If the patient's ECG had not returned to the baseline by 10 minutes after cessation of exercise the recovery period was terminated at this point. To derive the treadmill exercise score the individual curves that describe the changes of both J-point deviation and ST-segment slope with time for aVF and V, over the course of the entire test were magnified 5.2 times and traced. The areas under these curves were then summed algebraically using a Hewlett-Packard digitizer (H-P 9864A) and calculator (H-P 9830A) ( fig. 2 ). From this final summed curve the area is obtained that relates to the total integrated area of STsegment depression for each complex throughout the entire test. This value for ST depression is then divided by the duration of exercise in minutes and by PATIERT lAME DATE the percent of the maximal predicted heart rate achieved to yield a treadmill exercise score. Thus, Treadmill exercise score = Area of J point and ST slope curves (V, + aVF) Duration of exercise X % maximal predicted heart rate As the severity of disease increases, the J point becomes more depressed and the ST segment becomes less upsloping and more downsloping; both sets of changes appear earlier after the onset of exercise and persist longer after cessation of exercise. These factors increase the negative area and the value of the numerator and increase the treadmill exercise score. Moreover, as severity of disease increases, not only does the numerator increase, but the value of the denominator decreases, i.e., the duration of exercise and the percent of the maximal predicted heart rate decrease. These factors tend to increase further the numerical value of the score in the severely diseased patient. In patients with resting ST changes the baseline for determining the area under the curves was not the zero deviation line, but the value of deviation that existed after the period of erect hyperventilation and at the onset of exercise. Thus, the area contributed to by resting J point and ST-slope deviation was excluded from the final summed curve. 
Statistical Analysis
Data are expressed as the mean ± SEM. Statistical significance of differences between groups of patients were analyzed by analysis of variance. The relationship between treadmill exercise score and the coronary artery score was evaluated by linear regression. Chi-square and unpaired and paired t tests were also used.
Results
Clinical Performance during Treadmill Exercise
No complications occurred during exercise testing. Table 2 summarizes the standard performance characteristics during graded treadmill exercise testing. Patients with three-vessel disease performed less work on the treadmill than patients with one-vessel (p < 0.05) or no vessels involved (p < 0.001). All patient groups achieved similar normalized heart rates at peak exercise (expressed as percent of the maximal predicted for age) when the patients taking propranolol were excluded from analysis. In the most severely diseased patients the primary indication for termination of exercise was development of chest pain (74% of patients with three-vessel disease). In patients with little or no coronary obstructive disease the major factor limiting continuation of exercise was dyspnea and exhaustion. Sixteen of 59 patients with coronary disease experienced no pain during the treadmill test. Only 20% (10 of 50) of those with truepositive tests did not experience pain, whereas 67% (six of nine) with false-negative tests by treadmill exercise score, were pain-free during the test (p < 0.005). The coronary score was similar in both groups of patients.
Treadmill Exercise Score
The treadmill exercise scores obtained in patients grouped by the number of coronary arteries involved -i.e., arteries with a reduction in luminal diameter of greater than 50% -are shown in figure 3 . The group of young volunteers who did not undergo coronary arteriography but who were presumed to be free of disease are plotted separately. We set -4 as the score that divides positive from negative tests because only two of 38 patients with three-vessel disease had a falsenegative test and only one of 57 persons with no significant coronary arterial involvement had a falsepositive test by this criterion. For the 38 patients with three-vessel disease the mean score was -35 + 5. The treadmill exercise score could not distinguish these patients from the 10 patients with three-vessel disease who additionally had left main coronary artery disease. The mean score of patients with three-vessel disease differs significantly from that of patients with two-vessel disease (-13 ± 5, p < 0.002) and onevessel disease (-6 ± 3, p < 0.01). While the treadmill exercise scores of patients with two-and one-vessel disease do not differ from each other, they do differ significantly from that of the group with no vessels involved (+ 4 ± 2, p < 0.05). These in turn differ from that of the young, healthy volunteers (+ 13 ± 1, p < 0.01). The mean ages for both groups with no coronary artery disease are 49 and 23 years, respectively. Their different ages and treadmill exercise scores suggest that they reflect different subpopulations. Tables 3 and 4 show the effects of propranolol on mean treadmill exercise scores for patients with three-, two-, or one-vessel disease or no disease. In patients with three-vessel disease (table 3) treadmill scores were indistinguishable in patients taking no propranolol or less than 80 mg/day (-38 + 9 vs -37 ± 10), while they tended to be lower in patients taking more than 80 mg/day (-28 ± 8) (p = NS). Propranolol appeared not to account for the falsenegative tests, since only four of nine patients with such tests were taking propranolol. Thus, propranolol in doses of 80 mg/day or less appears not to alter significantly group treadmill exercise scores.
The appearance of chest pain during the exercise test was a significant variable. Patients with coronary artery disease who developed chest pain had a mean treadmill exercise score of -32 i 5 compared with a No significant differences exist in any particular group when treadmill exercise scores are calculated either for all patients, for only those taking no propranolol, or for those taking no propranolol or <80 mg/day. *p < 0.001 when compared with all other patients, < 0.02 when compared with patients with two vessels involved, < 0.01 when compared with patients with one vessel involved, and < 0.001 when compared with patients with no vessel involved. treadmill score reflects physiologic function and presumably induced myocardial ischemia, whereas the coronary artery score is an attempt, albeit imprecise, to quantify the anatomic extent and severity of the obstructive process.
We evaluated test validity and other test characteristics by comparing the derived treadmill score with the extent of coronary artery disease as determined by coronary arteriography.
Sensitivity, or the percent of patients with disease who are correctly identified by a positive test, i.e., true positives/(true positives + false negatives) was 85% in our entire diseased population (50 of 59 patients), rose to 90% when only persons with two-or three-vessel disease were considered (44 of 49 patients), and reached 95% when persons with three-vessel disease were considered (36 of 38 patients). Sensitivity was improved significantly when the treadmill exercise score rather than conventional criteria (horizontal or downsloping ST segment with 1-mm depression 80 msec after the J point) was used to detect an abnormal test (table 5) .
Specificity, or the percent of persons without disease who are correctly identified by a negative test, i.e., true negatives/(true negatives + false positives), was 91% (10 of 1 1 persons Essential to the derivation of the score was the use of computer processing to eliminate excessive muscle noise, baseline drift, and other artifacts that usually result in the technically poor-quality recordings that are obtained during exercise. With the CASE system we were able to obtain technically high quality, quahtifiable measurements of J-point deviation and ST slope during the period of treadmill exercise and during the recovery period. Such computer measurements also eliminated all subjectivity in deriving the score as well as the large interobserver and intraobserver variability that usually exists in conventional interpretation of the treadmill exercise test. 3 Using these computer measurements of ST depression similar to those used in the pioneering efforts fig. 7) . Moreover, the units of area obtained by using the equation are expressed in voltage-time, similar to Sheffield's voltage-time integral. While both variables contribute to the ST area, the slope measurement hypothetically contributes relatively less than J-point deviation. Unlike both the McHenry and Sheffield groups, who reported on measurements obtained only during peak ST deviation, our technique uses the total of all changes in ST amplitude and slope from onset of exercise to termination of recovery. The treadmill exercise score thus incorporates important information on the manner and time course by which the maximal ST amplitude and slope changes develop during exercise and resolve during recovery, i.e., how rapidly they occur and how long they persist. Thus, two patients could obtain the same maximal degree of depression of J point and/or ST slope and would have similar worst-case ST indices or ST integrals ( fig. 8 ). However, our study indicates that patients with patterns similar to that of patient B have more extensive disease than those similar to that of patient A in figure 8 . This greater severity would be indicated clearly by our method of analysis because the larger area under curve B would result in a more abnormal treadmill exercise score.
Thus, a major advantage of the treadmill exercise score is the ability to quantify and grade more precisely the entire electrocardiographic response to exercise and to identify where in the spectrum of ischemic disease from normality to the highest degree of abnormality any patient falls. Since the treadmill exercise score easily quantifies the electrocardiographic response to exercise and thereby, by inference, the severity of the myocardial ischemic response, it also lends itself particularly well to serial determinations. Thus, one could follow the progression of disease or assess the effect of medical or sur- 27 Our sample is further biased toward the more seriously ill patient, because those with histories of atyptical chest pain who fail to achieve abnormal treadmill exercise scores usually are not investigated further with coronary arteriography in our institution. Although these types of bias are common to all studies using coronary angiographic correlation and are not unique to the present study, they do prevent application of the specific values of the treadmill exercise score to patient populations significantly dissimilar to the one studied. Moreover, the data should be verified in an independent test series. The present study also emphasizes the significance of induced chest pain during the test. The absence of chest pain during the test predicts a significantly lower treadmill exercise score and frequently is found in patients who have a negative test, i.e., both true negatives (patients without significant coronary artery disease) as well as false negatives (patients with anatomic lesions but with negative tests) (16 of 20, 80%). These findings emphasize the diagnostic importance of chest pain and give angiographic support to Cole and Ellestad's study28 in which they related the occurrence of angina during the test to the severity of disease. They found that men ages 41-50 years who had angina during exercise testing had a threefold greater incidence of coronary events (progression of angina, myocardial infarction, and coronary death) and a fourfold greater incidence of myocardial infarction compared with their counterparts who had ST depression alone.
